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One of the main challenges in synthetic biology is the bottom-up construction of a synthetic minimal cell from lifeless, individual components 1 . Only once we can faithfully construct a synthetic cell that is capable of reproducing, we will be able to fully understand the molecular basis of life and how the individual processes together are able to form a living entity 2 .
Elementary for calling such a cell alive is its ability to reproduce, which includes growth and division of the surrounding boundary layer. In nature, such a boundary layer exists of phospholipids that orient into a bilayer structure, with their hydrophobic tails inwards, thereby separating the water-soluble cellular interior from the exterior. Besides forming a barrier, membranes have other functions as well, as they serve as a matrix for membrane proteins, thereby supporting their folding and activity. Often, the general properties of a membrane are insufficient to support full protein functioning and interactions with specific lipid species are needed. The inner-membrane of Escherichia coli is relatively well defined, in which only the presence of the phospholipid species phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) are essential for full functionality 3 . A membrane consisting of only these two lipid species would therefore form an excellent basis for a boundary layer of a synthetic minimal cell. In this thesis, we have focused on one of the aspects of cellular boundary layer reproduction, which is growth of the membrane, with the aim to create a fully functional module that can be readily implemented into a synthetic minimal cell.
Chapter 1 provides a general introduction into (self-)replication of synthetic compartments/ minimal cells. Here, mainly boundary layers that exist out of phospholipids are discussed, but other building blocks are considered as well, such as fatty acids 4 . Fatty acid-based membranes are far more suitable for self-replication, as they can grow and divide spontaneously. However, fatty acid vesicles are also intrinsically unstable and lack to support any membrane protein activity, thereby making phospholipids the preferred building block of a synthetic minimal cell. Phospholipids membranes do not spontaneously grow by insertion of new lipids, therefore membrane growth is coupled to phospholipid biosynthesis 5 . As an example, these coupled processes are extensively described for the model organism E. coli. In short, phospholipid synthesis starts with the formation of acyl-chains, that form the hydrophobic tails. Subsequently, the chains get coupled to a glycerol-3-phosphate (G3P) and inserted into the membrane. Finally, headgroup specificity is introduced, resulting in a wide variety of phospholipid species, among which PE and PG. This pathway is a template for many of the research regarding synthetic cellular phospholipid membrane expansion (including the work presented in chapter 2), for which the state of the art is summarized.
Besides natural phospholipids, chemical phospholipid analogues are also experimented with as building blocks for a synthetic minimal membrane 6 . They are particularly of interest, as non-enzymatic synthesis steps can be introduced as well, thereby even enabling de novo membrane formation. This is not possible for natural enzymatic phospholipid biosynthesis, as the involved enzymes (e.g. glycerol-phosphate acyl-transferase) require the presence of a membrane to function 7 . The second part of chapter 1 focusses on another step in boundary layer replication, which is membrane division. In E. coli this occurs via contraction of a membrane interacting protein ring, existing of, among others, FtsZ, FtsA and ZipA 8 .
The ring is positioned in the middle of the cell by the oscillating Min-system 9 . Although, the in vitro division of phospholipid membrane-surrounding compartments is still in the early stages, some initial steps have been made, with respect to proto-ring formation and the reconstitution of encapsulated oscillating Min-waves.
Chapter 2 forms the framework of this thesis, as it describes the development of an in vitro phospholipid biosynthesis pathway that is utilized to expand liposomal membranes.
The design of this phospholipid biosynthesis pathway is based on the template pathway present in E. coli, with a couple of modifications. Instead of generating acyl chains via the multi-complex Fatty acid Synthase (FAS) II, an alternative approach was used based on the catabolic enzyme FadD, which is involved in β-oxidation of fatty acids (FAs) 10 . FadD uses already pre-made FAs in a simple two-step conversion, resulting in the direct production of FA-CoA, thereby skipping the complex, cycled chain elongation-based synthesis of fatty acids. Furthermore, the phosphatidylserine synthesizing enzyme PssA from Bacillus subtilis was used instead of the E. coli equivalent 11 . In this chapter, first the step-wise development of this in vitro phospholipid synthesis pathway is described. By the stepwise reconstitution of the purified proteins into preexisting liposomes, a cascade is built existing of eight different enzymes, that generates phospholipids from simple fatty acid building blocks. Depending on the substrate feed, this reconstituted system yields multiple phospholipid species that vary in acyl chain and polar head group composition (PA, PS, PG, PE, etc.), thereby emphasizing the versatility of this pathway. Moreover, the system is efficient as it converts large quantities of substrate (millimolar) completely into the phospholipid end-products, meanwhile making use of an internal CoA recycling loop, that ensures ongoing synthesis. Next the ability of this in vitro phospholipid synthesis pathway to expand membranes is discussed. The fidelity of the system allows for the synthesis of sufficient amount of phospholipid, such that appreciable membrane growth can be observed. However, it should be noted that the current amount of fatty acid substrate was about the maximum tolerable concentration, which is forming a block towards a continuously expanding system. For continuous phospholipid biosynthesis and membrane growth, we therefore envision a controlled feeding system in which oleic acid and other FAs are continuously added to the reaction vessel, such not to exceed inhibitory concentrations.
The engineered in vitro phospholipid biosynthesis described in chapter 2 yields among others the phospholipids PE and PG. These two are the essential species present in the inner membrane of E. coli, which contains one other main lipid species: cardiolipin (CL).
Depending on the growth phase, the membrane can contain up to 10% CL, thereby forming 142 a considerable part of the E. coli inner membrane 12 . In chapter 3 the previously engineered in vitro phospholipid synthesis pathway was further extended with the synthesis of CL.
By implementing the cardiolipin synthase A (ClsA) from E. coli, two PG molecules can be converted into CL and a glycerol. As this reaction requires no additional energy, the reverse reaction starting from cardiolipin occurs as well, in which besides glycerol other substrates can be implemented as phosphatidyl-headgroup as well. In fact, almost any primary alcohol can serve as a headgroup, although compatibility with the binding pocket The anionic lipid dependency of Sec-mediated translocation was utilized together with the aforementioned phospholipid biosynthesis pathway (chapter 2) to introduce extra functionality into an expanding membrane. SecYEG, as well as the in vitro phospholipid biosynthesis pathway, were reconstituted into proteoliposomes containing only PE and PC, but no anionic lipid. By feeding fatty acids, the anionic lipid PG was synthesized in large quantities, thereby activating the Sec-translocase mediated transport of the precursor protein pro-OmpA as a first step toward a communicating growing membrane boundary layer.
The research described in this thesis forms a framework for a membrane expansion module in a synthetic minimal cell, but growth is obstructed by the limited amount of substrate that can be added. Therefore, the next critical aspect would be to engineer a system that can continuously expand. In chapter 5 the design of such a system is described. Continuous expansion means that a constant feed of building blocks is needed. Therefore, substrates have to be transported, passively or actively via membrane proteins, across the membrane into the synthetic compartment. Continuous synthesis also means a significant build-up of by-products, which in large quantities may become inhibiting. The preferred way to deal with these by-products is by recycling, as additional excretion can be avoided, meanwhile reducing the amount of building blocks that need to be imported. However, the excretion of some by-products seems unavoidable, for which again extra membrane proteins will be needed. Altogether, the transition from the in vitro phospholipid biosynthesis pathway described in chapter 2 to a continuously expanding system cannot be achieved by simply adding more building blocks, but involves many additional aspects, for which many more (membrane) proteins are required. As a consequence, a continuously expanding system easily becomes a highly complex entity, which is difficult to engineer. To maintain simplicity, more controversial approaches should be considered as well, which includes chemical (non-enzymatic) synthesis of building blocks, as well as incorporation of exterior building blocks into the outer-leaflet of the membrane. Embedding such an inside-out membrane expansion approach in a continues flow system would circumvent the usage of (some) building block and reduce the need of by-product transport, thereby keeping systems more simple and avoiding the usage of additional complex membrane proteins.
Eventually, a complete synthetic cellular continuously expanding membrane module 144 should be based on an in vitro transcription/translation system, in which not only lipids are synthesized, but the lipid synthesizing proteins as well. A critical aspect in this process will not only be the synthesis of these proteins, but also their correct insertion into the membrane. As current in vitro transcription/translation systems are not yet fully compatible with the reconstitution of functional membrane proteins, any approach toward in vitro transcription/translation-based membrane expansion should first focus on correct folding and membrane insertion of the involved proteins 15 . Naturally other protein complexes are required for these processes, thereby adding another layer of complexity, which further complicates the engineering. Therefore, maintaining simplicity will be key in the development of an expanding membrane module in a synthetic minimal cell. A realistic approach would be to first build initial sub-models based on purified proteins, meanwhile developing the in vitro transcription/translation coupled membrane insertion and biogenesis pathways in a functional form. Finally, all sub-modules should be integrated, and form a complete expanding membranes module suitable for a synthetic minimal cell based on a replicating genome.
Een van de belangrijkste uitdagingen in de synthetische biologie is de constructie van een synthetische minimale cel 1 . Alleen als we zo'n cel vanaf de grond af kunnen opbouwen uit zijn individuele componenten, zullen we in staat zijn de moleculaire basis van het leven te begrijpen 2 . Hoe vormen alle levenloze individuele processen tezamen een levende eenheid?
Een van de belangrijkste pijlers om zo'n synthetische cel levend te kunnen noemen is het vermogen te reproduceren. Daartoe behoort ook groei en deling van de omringende laag die het cellulaire lumen (het binnenste van de cel) scheidt van de omgeving. In de natuur bestaat zo'n scheidingslaag uit een fosfolipide bi-laag (membraan), waarin de staarten een waterafstotend segment vormen. Een membraan vormt niet alleen een barrière, maar functioneert ook als matrix voor membraaneiwitten. Soms is de algehele structuur van een membraan voldoende om de vouwing en activiteit van membraaneiwitten te ondersteunen, maar vaak genoeg zijn er ook interacties met een specifieke fosfolipide soort noodzakelijk.
Een goed voorbeeld is het binnen-membraan van Escherichia coli, waarin de aanwezigheid van de fosfolipiden fosfatidylethanolamine (PE) en fosfatidylglycerol (PG) essentieel is voor volledige functionaliteit 3 . Aangezien dit de enige twee noodzakelijke fosfolipiden zijn, vormt het binnen-membraan van E. coli een uitstekende basis voor de ontwikkeling van een scheidingslaag van een synthetische cel. In dit proefschrift hebben we ons voornamelijk geconcentreerd op de groei van zo'n membraan, waarbij het uiteindelijke doel was een functionele module te ontwikkelen die geschikt is voor de vorming van een membraan in een synthetische minimale cel.
In hoofdstuk 1 wordt een algemene introductie gegeven betreffende (zelf-)replicatie van synthetische compartimenten of minimale cellen. Hier worden met name scheidingslagen besproken die bestaan uit fosfolipiden, maar ook uit andere bouwstenen, zoals vetzuren fosfolipide membranen in de context van de synthetische cel (waaronder het werk in hoofdstuk 2), waarvan de laatste ontwikkelingen worden beschreven. Naast de natuurlijk voorkomende fosfolipiden wordt er ook geëxperimenteerd met chemische analogen van fosfolipiden als bouwstenen voor een membraan 6 Door toevoeging van ClsA aan de in vitro fosfolipide biosynthese route, kunnen nu PE, PG en CL geproduceerd worden en daarmee is de synthese van de drie belangrijkste lipide klassen in het E. coli binnenmembraan compleet. Een groeiend membraan met deze drie lipiden is al een goede stap in de richting van een functionele barrière voor een synthetische cel. Echter, extra functionaliteit zal moet worden ingebouwd in de vorm van membraaneiwitten. Eiwitten gelegen in, of geassocieerd met, het membraan spelen een centrale rol in de algehele functionaliteit van membranen. Ze zijn betrokken bij allerlei processen met betrekking tot uitwisseling en communicatie in de cel alsmede tussen de cel en zijn omgeving 13 . Het is dan ook noodzakelijk dat een synthetische minimale cel membranen moet bevatten met daarin membraaneiwitten. In hoofdstuk 4 wordt een eerste inleidende stap naar zo'n communicerend membraan ondernomen, door het Sec-translocon (betrokken bij eiwit excretie), van E. coli aan de syntheseroute uit hoofdstuk 2 toe te voegen 14 . Het Sec-translocon is alleen actief in de aanwezigheid van anionische fosfolipiden. Hierin Uiteindelijk zal een complete continu groeiende membraan module voor een synthetische cel gebaseerd moeten zijn op een transcriptie/translatie systeem dat gecodeerd wordt door synthetisch genoom. In zo'n systeem worden niet alleen de lipiden gesynthetiseerd, maar ook de lipide producerende eiwitten. Daarbij is naast de synthese van deze betrokken eiwitten ook correcte vouwing en membraaninsertie van belang. De huidige in vitro transcriptie/translatie systemen zijn slechts beperkt compatibel met de reconstitutie van functionele membraaneiwitten. Vandaar dat er bij de ontwikkeling van zo'n systeem eerst de focus zal moeten liggen op de juiste vouwing en insertie van de betrokken eiwitten 15 .
Uiteraard zijn hier ook weer extra eiwitcomplexen bij betrokken, waardoor er weer een extra laag van complexiteit wordt toegevoegd. Aangezien dit op zijn beurt de constructie van zo'n systeem verder compliceert, zal eenvoud cruciaal zijn voor de succesvolle ontwikkeling van een synthetische cel. Een realistische aanpak zou daarom eerst moeten focussen op het bouwen van sub-modules die gebaseerd zijn op gezuiverd eiwit. In de tussentijd, kan dan een in vitro transcriptie translatie module worden ontwikkeld die compatibel is met membraaneiwit insertie en functionele biogenese routes. Tot slot zullen dan alle submodules moeten worden geïntegreerd in één systeem om dan uiteindelijk een complete expanderende membraan module te vormen die geschikt is voor een op het replicerend genoom-gebaseerde synthetische minimale cel.
